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Abstract
The 18S small subunit (SSU) ribosomal DNA sequence is one of 
the most useful molecular loci for identification and phylogeny 
reconstruction of agriculturally important nematodes. Various pairs 
of universal primers have been developed in the past to amplify short 
and long nematode sequences. However, certain nematode taxa 
were not readily amplified and/or sequenced with the existing primer 
tools. Frequently, the center region of a roughly 1,000 nucleotide 
segment would be lost. Therefore new primers were developed 
based on a very large 276 taxon alignment of 124 agriculturally 
important nematode species, and tested on problematic nematode 
taxa such as Aphelenchoides, Bursaphelenchus, Ditylenchus, 
and Panagrolaimus. New primers and protocols are provided for 
successful generation of sequences useful in future investigations of 
nematode systematics.
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The 18S small subunit (SSU) ribosomal DNA (rDNA) 
sequence is one of the most useful molecular loci for 
identifying agricultural invertebrates (Kiewnick et al., 
2016). Small segments have been successfully used 
as barcodes (Floyd et al., 2002; Powers, 2004), and 
longer segments are standard molecular sequences 
for deep level phylogenetics. Single or multiple pairs 
of primers were reported to amplify nematode 18S 
SSU rDNA from different taxon templates (Table 1). 
Although the amplifications by these primers have 
been reproducible in other studies, no single or mul-
tiple universal pairs of primers applicable across all 
nematode taxa have been reported. The challenges 
remain for what primers and strategies should be 
selected, particularly when the specimens are from 
unknown species with limited amounts of extracted 
DNA. Three pairs of universal 18S SSU rDNA prim-
ers that have been successfully used for many years 
to amplify a relatively long sequence with diverse 
nematodes (Thomas et al., 1997) (Table 1) for direct 
de novo sequencing of rDNA have been problematic 
for certain nematode taxa in our laboratory. The PCR 
failures with the primers were seen in Acrobeloides, 
Bursaphelenchus, and Ditylenchus and partially in 
Laimaphelenchus/Aphelenchoides heidelbergi (Car-
ta et al., 2016) and other taxa. The failures were seen 
with the G18S4 and 18P primer pair (Table 1) as well 
(Blaxter et al., 1998). Sequencing failures were also 
observed in many cases even if all of the three prim-
er pairs worked well enough to amplify a PCR prod-
uct. Also, the use of multiple standard primer pairs 
consumed too much sample genomic DNA (2 µl of 
nematode lysate for each set) to satisfactorily amplify 
18S rDNA when specimen DNA was in limited sup-
ply. Therefore, in this work we selected new primers 
from conserved DNA sequences in a multiple-se-
quence alignment of many plant parasitic and sap-
rophytic nematodes, developed protocols, and suc-
cessfully tested them on multiple, difficult-to-amplify 
specimens.
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Table 1. Single pair or multiple pairs of primers frequently used for the amplification 
of near-full length 18S SSU rDNA.
Primers 
(old name)
Direction Position Single pair Size Reference Note
SSU_F_04 
(G18S4)
F 963–983 G18S4 and 
18P
1,723bp Blaxter et al. (1998)
SSU_R_81 
(18P)
R 2667–2686 Blaxter et al. (1998)
Nem_SSU_
F74
F 1006–1026 Nem_SSU_
F74 and 18P
1,680bp Blaxter et al. (1998), Donn 
et al. (2011)
G18S4 and 
18S1573R
1,522bp Yaghoubi et al. (2016)
988F F 969–987 998F and 
1912R,
962bp Holterman et al. (2006) 1544–1711 
bp generated 
by these 
three pairs 
(Holterman et 
al., 2006)
1096F F 1076–1095 1096F and 
1912R
855bp Holterman et al. (2006)
1912R R 1913–1931 Holterman et al. (2006)
1813F F 1795–1812 1813F and 
2646R
870bp Holterman et al. (2006)
2646R R 2646–2665 Holterman et al. (2006)
18S965 F 1898–1920 18S965 and 
18S1573R
629bp Mullin et al. (2005), Zeng  
et al. (2012)
2,121bp 
generated by 
these three 
pairs (Zeng et 
al., 2012)
18S1573R R 2506–2527 Mullin et al. (2005), Zeng  
et al. (2012)
SSUF07 F 972–990 SSUF07 and 
SSUR26
889bp Floyd et al. (2002), Zeng  
et al. (2012)
SSUR26 R 1841–1861 Floyd et al. (2002), Zeng  
et al. (2012)
18SnF F 1065–1089 18SnF and 
18SnR
1,591bp Kanzaki and Futai (2002), 
Zeng et al. (2012)
18SnR R 2637–2656 Kanzaki and Futai (2002), 
Zeng et al. (2012)
18S39F (A or 
39F)
F 972–990 18S39F(39F) 
and 18S977R
959bp Blaxter et al. (1998), Olson 
et al. (2017)
1,706bp 
generated by 
these two pairs 
(Olson et al., 
2017)
18S977R R 1910–1931 Olson et al. (2017)
18S900F F 1841–1861 18S900F and 
18S1713R
833bp Olson et al. (2017)
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Materials and methods
Primer design
Designing new consensus 18S primers was initial-
ly based on a multiple alignment of 266 18S se-
quences extracted from GenBank, representing 
124 nematode species across the Nematoda, in-
cluding plant parasitic and non-parasitic species, 
with some specifically related to address the issues 
above. Ultimately, 276 18S sequences from major 
plant parasitic nematodes, including Anguina, Aph-
elenchoides, Bursaphelenchus, Ditylenchus, Hemi-
cycliophora, Heterodera, Longidorus, Meloidogyne, 
Mesocriconema, Nacobbus, Paratrichodorus, Pra-
tylenchus, Rotylenchulus, Trichodorus, Tylenchulus, 
and Xiphinema, were further aligned with Clustal W 
(Thompson et al., 1994) in Geneious ver 8.1.7 (Bi-
oMatters, Auckland, New Zealand) to create con-
sensus 18S primers. The strategy employed was to 
select primers, 19 to 36 nt long with a high melting 
temperature (Tm) around 60°C and without dimers 
and hairpins, as their presence can lead to poor or 
no yield of PCR product. Primers selected based on 
this strategy were listed in Table 2.
DNA analysis
Specimens were mechanically disrupted in 20 µl 
of extraction buffer (Thomas et al., 1997) then 
stored in PCR tubes at –80°C until needed. Ex-
tracts were prepared from thawed pools by incu-
bating the tubes at 60°C for 60 min., followed by 
95°C for 15 min. to deactivate proteinase K. Two mi-
croliters of the extract was used for each 25 µl PCR 
reaction within a Bio-Rad MJ Mini or C1000 Touch 
gradient thermal cycler (Bio-Rad Laboratories, 
Hercules, CA):
1. TaKaRa Ex Taq 
•	 10XEx Taq Buffer 5 μ l
•	 dNTP mixture (2.5 mM each) 4 μ l
•	 10 μ M forward primer 1 μ l
•	 10 μM reverse primer 1 μ l
•	 TaKaRa Ex Taq (5 units/μ l) 0.25 μ l
18S1713R R 2652–2674 Olson et al. (2017)
18SF Cocktail 
or Remix:
F 18SF Cocktail 
and 530R
527bp Thomas (2011) 1,400–1,727bp 
generated by 
these three 
pairs (Thomas, 
2011)
G18S4 F 963–983 Blaxter et al. (1998)
SSU_F_03 F 963–987 Medlin et al. (1988)
18S-82F F 969–988 Lopez-Garcia et al. (2003)
eukF(10) F 935–955 Medlin et al. (1988)
530R R 1470–1490
385F F 1314–1333 385F and 
1108R
754bp Thomas (2011)
1108R R 2047–2068
550F F 1467–1488 550F and 
18SR 
Cocktail
1,200bp Thomas (2011)
18SR 
Cocktail or 
Remix:
R
18P R 2667–2686 Blaxter et al. (1998)
eukR(10) R 2667–2690 Medlin et al. (1988)
F: Forward; R: Reverse; Position: in rDNA (X03680), C. elegans.
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Table 2. Primers used for PCR and sequencing.
Primers Direction Sequence (5¢-3¢)
Tm 
(°C)
rRNA 
gene
PCR Sequencing Reference
18S-CL-F F TCAAAGATTAAGC 
CATGCAT
53 18S √ √ This study
18S-CL-F2 F CTGTGATGCCCTTA 
GATGTCC
58 18S √ √ This study
18S-CL-F3 F CTTGTCTCAAAGAT 
TAAGCCATGCAT
60 18S, 
ITS
√ √ This study
18S-CL-F6 F TGAGAAATGGCCA 
CTACGTC
57 18S √ √ This study
18S-CL-R1 R ACCTTGTTACGAC 
TTTTGC
54 18S √ √ This study
18S-CL-R2 R GTTGAGTCAAATTA 
AGCCGCA
57 18S √ This study
18S-CL-R5 R GCGGTGTGTACAA 
AGGGCAGGGAC
67 18S √ This study
ITS-CL-F2 F ATTACGTCCCTGC 
CCTTTGTA
59 ITS, 
28S
√ √ This study
G18S4 F GCTTGTCTCAAAG 
ATTAAGCC
55 18S √ √ Blaxter et al. 
(1998)
530R R GCGGCTGCTGGC 
ACCACACTT
68 18S √ √ Thomas (2011)
550F F GGCAAGTCTGGTG 
CCAGCAGCC
68 18S √ √ Thomas (2011)
1912R R TTTACGGTCAGAA 
CTAGGG
54 18S √ √ Holterman et al. 
(2006)
81R R TTCCTCCGCTAAA 
TGATATGCTTAA
58 ITS √ √ Reverse of 
28S-81for 
(Holterman et al., 
2008)
D2AR R ACTTTCCCTCACG 
GTACTTGT
59 ITS √ √ Reverse of D2A 
(Nunn, 1992)
AB28 R ATATGCTTAAGTTC 
AGCGGGT
57 ITS √ √ Joyce et al. 
(1994)
VRAIN 2R 
(V2R)
R TTTCACTCGCCGTT 
ACTAAGGGAATC
63 ITS √ √ Vrain et al. (1992)
28S-1006rev 
(1006R)
R AGGGGCGAAAGAC 
TAATCGAAC
60 ITS, 
28S
√ √ Holterman et al. 
(2008)
28S-1032rev 
(1032R)
R TCGGAAGGAACCA 
GCTACTA
57 ITS, 
28S
√ √ Holterman et al. 
(2008)
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•	 18S template DNA (>1,000bp) 4 μ l
•	 Sterilized distilled water up to 34.75 μ l
2. Invitrogen Platinum Taq
•	 10X PCR Buffer, – Mg 2.5 μ l
•	 50 mM MgCl2 0.75 μ l
•	 10 mM dNTP mix 0.5 μ l
•	 10 μM forward prime 0.5 μ l
•	 10 μM reverse primer 0.5 μ l
•	 18S template DNA(<1,000bp) 2 μL
•	 Platinum™ Taq 0.1 μ l
•	 Water, nuclease-free to 18.15 μl
3. Phusion Taq 
•	 5X Phusion HF Buffer 10 µl
•	 10 mM dNTPs 1 µl
•	 10 µM forward primer 2.5 µl
•	 10 µM reverse primer 2.5 µl
•	 18S template DNA 4 µl
•	 Phusion DNA polymerase 0.5 µl
•	 Water added up to 29.5 µl
One of the advantages of Phusion Taq is that its 
PCR is very rapid and can be done in less than 2 hr. 
It tends to generate multiple bands and the detergent 
in the buffer may interrupt sequencing downstream. 
Further evaluation may be advisable in particular cir-
cumstances.
PCR conditions
For TaKaRa Ex Taq and 18S Template DNA 
(>1,000bp): 95°C for 3 min, 5X (94°C for 30¢, 45°C for 
40¢, 72°C for 2 min), 40X (94°C for 30¢,Ta (°C) for 40¢, 
72°C for 2 min), 72°C for 5 min, 4°C until finish.
For Invitrogen Platinum™ Taq and 18S Template 
DNA (<1,000bp): 95°C for 3 min, 35X (94°C for 30¢, 
Ta (°C) for 40¢, 72°C for 70¢), 72°C for 5 min, 4°C 
until finish.
For Phusion and 18S Template DNA (>1,000bp): 
98°C for 30¢, 35X (98°C for 10¢, 59°C for 30¢, 72°C for 
90¢), 72°C for 2 min, 4°C until finish.
PCR products were visualized with the Lonza 
FlashGelTM DNA system (VWR International, Radnor, 
PA) and then treated with ExoSAP-IT reagent (Affy-
metrix, Inc, Santa Clara, CA) according to the manu-
facturer’s protocol. DNA sequencing was performed 
with an ABI BigDye Terminator v3.1 kit and in an ABI 
3730xl DNA Analyzer (Applied Biosystems, Foster 
City, CA, USA) owned by the USDA Systematic Ento-
mology Lab, Beltsville, MD.
Figure 1: Position diagram of 18S 
primers constructed with pDRAW32 
DNA analysis by AcaClone software. 
http://www.acaclone.com/ Primer pairs 
in green and blue are older universal 
primers (Table 2), and those in red 
were generated in this study (Table 2).
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Results and discussion
The G18S4 universal primer is a critical forward prim-
er used for the 18SF-Cocktail (Thomas, 2011) paired 
with 18P (Table 1), and is comparable to the new 
18S-CL-F3 and 18S-CL-F primers (Tables 1,2):
To study which primer among these three is a 
better candidate, the reverse primer D2AR, with no 
Figure 2: Comparison of 18S primers by the PCR amplification. (A) G18S4 and D2AR; (B) 
18S-CL-F and D2AR; (C) 18S-CL-F3 and D2AR; M: DNA ladder (0.1-4.0kb); 1: Panagrolaimus 
sp. Idaho; 2: Aphelenchoides bicaudatus, Maryland; 3: Bursaphelenchus sp. MX; 4: Ditylenchus 
sp. Idaho; NC was the negative control. The PCRs were performed with TaKaRa Ex Taq as 
described in Materials and Methods and the conditions: 95°C for 5 min, 35X (95°C for 30¢, 50°C 
for 45¢, 72°C for 2 min 30¢), 72°C for 2 min, 4°C until finish. An approximately 2,900 nt amplicon 
was generated.
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primer-template mismatches in Aphelenchoides bi-
caudatus, Bursaphelenchus sp., Ditylenchus sp., 
and Panagrolaimus sp., was selected to minimize 
any discriminations in PCR amplification by a reverse 
primer, as shown in Figure 1. G18S4 amplified 18S 
and ITS rDNA of Ditylenchus sp., weakly amplified 
DNA of Panagrolaimus sp. and Aphelenchoides bi-
caudatus, but did not amplify Bursaphelenchus sp. 
DNA. The 18S-CL-F primer amplified the templates 
for Bursaphelenchus sp. but not amplify Ditylenchus 
sp. or Panagrolaimus sp., and weakly amplified the 
Aphelenchoides bicaudatus template. In contrast, the 
18S-CL-F3 primer amplified the templates for these 
four taxa without exception.
Table 3. Taxa tested successfully with our newly designed ribosomal primers or 
paired with universal ribosomal primers.
Taxon Primer set
Amplified rRNA 
gene (length)
Ta (°C) Taq
Acrobeloides sp. LKC52 
Pratylenchus penetrans Thailand
18S-CL-F/18S-CL-R1 18S (around 
1,700bp)
50–55 Invitrogen™ 
Platinum™
Aphelenchoides sp. No1 Idaho 
Aphelenchoides sp. No2 Idaho 
Panagrolaimus sp. Idaho
18S-CL-F3/81R 18S and ITS 
(around 2,400bp)
58 TaKaRa EX
Panagrolaimus sp. LKC44, LKC46 
LKC47, LKC53, LKC56, PS1162 
Poikilolaimus sp. Idaho
18S-CL-F3/D2AR 18S and ITS 
(around 2,900bp)
58 TaKaRa EX
Pratylenchus neglectus Malad 
Idaho Pratylenchus penetrans 
Maryland Pratylenchus agilis 
Maryland
18S-CL-F3/AB28 or V2R 18S and ITS 
(around 2,400bp)
59 Phusion
Ditylenchus sp. Idaho 18S-CL-F6/81R 18S and ITS 
(around 2,000bp)
54 TaKaRa EX
Bursaphelenchus sp. 
MXAphelenchoides sp. No1 Idaho 
Scutellonema bradys Congo 
Vittatidera zeaphila New York 
Deladenus Georgia (in egg masses) 
Deladenus Georgia (in wood) 
Pratylenchus sp. Cuba
18S-CL-F3/1912R 18S (around 
1,000bp)
50 Invitrogen™ 
Platinum™
Aphelenchoides sp. No1 Idaho 
Aphelenchoides sp. No2 Idaho 
Ditylenchus cf. myceliophagus 
sp. Idaho Ditylenchus dipsaci 
Diphtherophora sp. Malad, Idaho
18S-CL-F3/530R 18S (530bp) 50 Invitrogen™ 
Platinum™
Ditylenchus sp. Idaho 18S-CL-F2/1032R ITS and 28S 
(around 2,000bp)
54 TaKaRa EX
Pratylenchus neglectus Malad, 
Idaho
ITS-CL-F2/1006R or 1032R ITS and 28S 
(around 2,000bp)
54 TaKaRa EX
18S-CL-F3 (26 
nt, Tm = 60°C)
5¢-CTTGTCTCAAAGATTAAGC 
CATGCAT-3¢
G18S4 (21 nt, 
Tm = 55°C)
5¢-GCTTGTCTCAAAGATTAA 
GCC-3¢
18S-CL-F (20 nt, 
Tm = 53°C)
5¢-TCAAAGATTAAGCCATG 
CAT-3¢
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After aligning the sequence results from Figure 1 
with these three primer sequences above, it is evi-
dent that the lack of the 3¢ end sequence (solid line 
above) in G18S4 (panel A) made this primer incapable 
of amplifying the 18S-ITS templates of Panagrolai-
mus p. (lane 1), Aphelenchoides bicaudatus (lane 2) 
and Bursaphelenchus sp. (lane 3). On the other hand, 
removal of the 5¢ end sequence (dash line above) in 
18S-CL-F (panel B) made it incapable of amplifying 
the templates of Panagrolaimus sp. (lane 1), Aphelen-
choides bicaudatus (lane 2), and Ditylenchus sp. (lane 
4) (Figure 1). While having more bases to prime than 
G18S4 and 18S-CL-F with these terminal sequences, 
the 18S-CL-F3 primer executed the amplifications 
very well. When PCR primers are designed, the se-
quence at the 3¢ end generally commands more at-
tention than at the 5¢ end (Kwok et al.,1990; Onode-
ra and Melcher, 2004), however, our results indicate 
the sequence at the 5¢ end is equally critical. Taken 
together, these results suggest that 18S-CL-F3 is a 
better forward primer candidate than either G18S4 or 
18S-CL-F to reliably generate a robust amplicon from 
this region of rDNA.
Forward primer 18S-CL-F3 was not only em-
ployed successfully for these four taxa but also for 
many more taxa than for 18S-CL-F (Table 3). The re-
sults in Table 3 also show that 18S-CL-F3 tolerated a 
wider and higher temperature range (50-58°C) than 
18S-CL-F. The 18S-CL-F3 forward primer paired with 
universal reverse primers successfully amplified not 
only short length (500-1,000bp) but also long (1,000-
2,900bp) 18S templates (Table 3 and Figure 2). In ad-
dition to the taxa in Table 3, Xiphinema, Hoplolaimus, 
Helicotylenchus, and Criconemoides were also tested 
successfully with the 18S-CL-F3 primer (data not 
shown).
Generally, one to three universal primer sets are 
needed for near-full length 18S sequence (Table 1) 
and one universal primer set for the ITS region (Vrain 
et al., 1992). However, by using 18S-CL-F3, only 
one primer set was sufficient to cover both 18S and 
ITS rDNA regions. Additionally a single primer set, 
18S-CL-F2 or ITS-CL-F2, could be used with either 
28S primers 1032R or 1006R (Table 2), respectively, 
to amplify rDNA that previously needed two sets for 
the ITS (Vrain et al., 1992) or the D1D2D3 regions of 
28S (Nunn, 1992).
The 18S primers, Tyl2F and Tyl4R were designed 
to detect plant parasitic and fungivorous nematodes 
by PCR-Denaturing Gradient Gel Electrophoresis 
(PCR-DGGE) (Kushida, 2013). While using PCR-DG-
GE can reduce cost and time, it provides very limited 
sequence information. The forward Tyl2F prim-
er is positioned approximately 345bp after the new 
18S-CL-F3, and paired with Tyl4R it generates only 
a 450bp 18S fragment. This contrasts with the new 
18S-CL-F3 primer, capable of amplifying near-full 
length 18S to ITS rDNA.
The degenerate primer Nem_SSU_F74 (Donn 
et al. (2011) was also designed to remedy 5¢ prim-
er mismatches for problematic and unknown taxa, 
but degenerate primers may still underperform for 
certain taxa. However, these new consensus prim-
ers have less bias and improved fidelity to reveal 
sequences that cover all nematodes across the 
Tylenchida and Rhabditida. The new 18S-CL-F3 
primer binds to position 964-989 on the reference 
C. elegans sequence X03680, downstream of 
Nem_SSU_F74 that binds to positions 1007-1026 
on the C. elegans reference sequence (Figure 2). 
The new 18S-CL-F3 primer also lacks secondary 
structure which is often detrimental to PCR am-
plification, and its presence may compromise per-
formance of the Nem_SSU_F74 primer. The lesser 
sensitivity of primer Nem_SSU_F74 also requires at 
least ten times more DNA (1-5 ng), than for the new 
18S-CL-F3 (0.1 ng). Perhaps the greatest benefit of 
new primer 18S-CL-F3 is the capability of ampli-
fying unusually long segments of rDNA, spanning 
from 18S into the entire ITS region when combined 
with other ribosomal primers, unlike the Nem_
SSU_F74.
It should be noted that the utility of these riboso-
mal primers presented in this study are not limited to 
taxonomic identification and phylogenetic analysis 
using individual specimens. They can be used for bi-
odiversity studies with metabarcoding from environ-
mental DNA samples. The resulting amplicons can 
be sequenced using different NGS platforms, such 
as Illumina with short reads, and PacBio with long 
reads for long amplicons.
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